The neuropeptides vasopressin (AVP) and oxytocin (OT) have been implicated in the regulation of many social behaviours, [14] [15] [16] including social play. [17] [18] [19] [20] [21] [22] These neuropeptides are evolutionally conserved across the animal kingdom, 15, 16, 23 and have been implicated in neurodevelopmental disorders such as ASD. 24, 25 Notably, clinical trials have administered these neuropeptides to human subjects to test their ability to improve social functioning (clinicaltrials.gov).
We recently demonstrated that the regulation of social play by AVP and OT is sex-specific in juvenile rats. Specifically, central blockade of the AVP 1a receptor (V1aR) decreased social play behaviour in males and increased social play behaviour in females, 18 whereas local V1aR blockade in the lateral septum (LS) produced the opposite pattern of results. 18, 19 Although central or intra-LS blockade of the OT receptor did not alter social play expression in either sex, 18, 19 local infusion of OT into the LS decreased social play in juvenile females and did not alter social play in males. 19 However, it is unclear whether the sex-specific regulation of social play by the AVP and OT systems corresponds with sex differences in the activation of vasopressinergic and oxytocinergic brain regions during social play.
In the present study, we determined whether there are sex differences in the recruitment of vasopressinergic and oxytocinergic brain regions in response to social play exposure in juvenile rats. We analysed recruitment of the supraoptic (SO) and paraventricular (PVH) hypothalamic nuclei, which are the largest sources of AVP and OT. 26 We also analysed the recruitment of regions of extrahypothalamic AVP synthesis, specifically the posterior region of the bed nuclei of the stria terminalis (pBST) and the posterodorsal part of the medial amygdalar nucleus (MEApd). [27] [28] [29] Recruitment was measured via fluorescence double-labelled immunohistochemistry for AVP or OT combined with Fos, a commonly used indirect measure of neuronal activation. 30, 31 We hypothesised that Fos induction within AVP and OT neurones would be increased in rats that were exposed to social play compared to those that were not exposed to social play, and that sex differences in Fos induction patterns might be observed.
| MATERIAL S AND ME THODS

| Animals
Experimentally naïve male and female Wistar rats (28 days old at arrival; Charles River Laboratories, Kingston, NY, USA) were housed in single sex groups of 2 to 4 in standard rat cages (48 × 27 × 20 cm) and maintained under standard laboratory conditions (12:12 hour light/dark cycle, lights off 14.00 hours, 22°C, 50% humidity, with food and water available ad libitum). All housing and testing was in accordance with the National Institute of Health Guidelines for Care and Use of Laboratory Animals and the Boston College Institutional
Animal Care and Use Committee.
| Behavioural procedure and analysis
Following arrival, rats were acclimated to the housing room for at least 24 hours prior to the start of daily handling. At 31-32 days of age, experimental rats were individually housed in clean cages approximately 4 hours prior to the onset of the dark phase and were maintained individually housed for the remainder of the experiment (stimulus rats remained group housed). That same day, during the first hour of the dark phase, experimental rats received the first of 2 habituation sessions (that occurred on consecutive days) to the social play procedure: home cages were removed from the cage rack and placed on the floor of the housing room, wire cage lids were removed and replaced with a Plexiglas lid, and a tripod and video camera were set up above each cage. After 10 minutes, wire lids were replaced and cages returned to the cage rack. During habituation sessions, no social play partners were present. The day after the last habituation session, subjects underwent the social play test (at 33-34 days old). The 10-minute social play test procedure was identical to the habitation sessions described above, except that the Play groups (males n = 8, females n = 8) were exposed to an age-and sex-matched unfamiliar stimulus rat during the test while the NoPlay groups (males n = 8, females n = 8) were not given access to a conspecific. Stimulus rats were striped with a permanent marker 30-60 minutes prior to testing to distinguish them from the experimental rats during later video analysis. After the test, rats were left undisturbed in the housing room until sacrifice 80 minutes later (see Histological procedures below). Food and water were not available during the 10-minute habituation or testing sessions, but were immediately returned when each session was complete. All habituation and testing took place during the first hour of the dark phase, and testing order was counterbalanced across sex and play conditions.
All sessions were videotaped for future behavioural analysis.
Behaviour during the test was analysed using jwatcher (jwatcher.
ucla.edu) by a trained observer who was unaware of the sex of each subject. Videos for subjects in the Play groups were analysed for the amount of time spent engaged in social play behaviour (playful interactions with the intruder), social investigation (sniffing the anogenital region of intruder), allogrooming (grooming head and neck of intruder) and nonsocial behaviour (eg, cage exploration, selfgrooming). The frequency of main stereotypical play behaviours, specifically, nape attacks (resident attacks or makes nose contact with nape of intruder), pins (resident holds intruder in supine position) and supine positions (resident is pinned on its back by intruder), was also analysed (individually as well as total), in accordance with a previous study. 18 Nape attacks and pins are considered measures of social play motivation, whereas supine positions represent play receptivity 5, 10, 11 and are less frequently expressed by experimental rats in our testing paradigm. 18, 19, 32 Videos for subjects in the No-Play groups were watched to confirm the presence of typical behaviours (such as cage exploration and self-grooming) and the absence of abnormal behaviours.
| Histological procedures
Rats were deeply anaesthetised with isoflurane, then transcardially perfused with 0.9% saline followed by 4% paraformaldehyde Therefore, counts were summed across samples for each brain region.
| Image acquisition and analysis
| Statistical analysis
For the Play groups, independent sample t-tests were used to analyse the effect of sex on social behaviours during the test. However, the total number of all 3 play elements combined was similar between the sexes (males: 47 ± 9, females 36 ± 9; t 14 = 0.87, P = .40).
| Effects of play condition and sex on Fos induction in the SO
In the SO, there was no effect of play condition on ( Figure 3C ). Although this correlation appeared to be driven by the males, it did not reach significance for either sex when examined separately (males: r 8 = .62, P = .10; females: r 6 = −.10, P = .85).
The patterns of SO-AVP and SO-OT activation reflected the pattern of total Fos induction within the SO. Specifically, the total number of Fos-IR nuclei in the SO was greater in males than in females ( Figure 3D,F) , but was not affected by play condition and did not differ between the 2 series of tissues (Table 1 ). This resulted in the percentage of the total SO Fos induction that occurred within AVP-IR or OT-IR neurones being similar across sexes and play conditions (AVP:
66.6% ± 2.7, OT: 27.3% ± 3.2; Figure 3E , left) ( Table 1 ). Because total
Fos induction was similar in the 2 series of tissues and AVP and OT rarely colocalise in the SO, 36 we could further estimate the percent- 
| Effects of play condition and sex on Fos induction in the PVH
In the PVH, there was negligible Fos induction within AVP or OT neurones ( Figure 4A ,B). Some Fos induction was observed in non-AVP-IR or non-OT-IR neurones in the PVH, although total PVH Fos-IR was similar across groups and between the 2 series of tissue ( Figure 4C and Table 1 ). Therefore, no further analyses were justified.
| Effects of play condition and sex on Fos induction in the pBST and MEApd
AVP-IR neurones in the pBST and MEApd could not be consistently identified; thus, only total Fos induction in these brain regions was quantified. In the pBST, Fos induction was significantly greater in subjects in the Play compared to the No-Play groups ( Figure 5A ,B
and Table 1 ). Females had greater Fos induction than males, which was reflected by the main effect of sex as well as the play condition by sex interaction approaching significance (Table 1) . Post-hoc tests aiming to assess whether the effect of play condition on pBST Fos
The percentage of time juvenile male and female rats spent engaged in social behaviours (A) and the frequency rats expressed stereotypical social play elements (B) during the 10-minute test in which each rat was exposed in its home cage to an age-and sex-matched unfamiliar stimulus rat. Data are presented as the mean ± SEM In the MEApd, Fos induction was significantly greater in subjects in the Play compared to the No-Play groups ( Figure 5C ,D and Table 1 ).
There was no effect of sex on MEApd Fos induction, although a sex by play condition interaction approached significance (Table 1) . Post-hoc tests aiming to assess whether the effect of play condition on MEApd
Fos induction was similar between the sexes showed a significant 
F I G U R E 3 Effects of play condition and sex on Fos induction within the supraoptic nucleus (SO). Fos induction within (A) vasopressin (AVP)-immunoreactive (IR) and (B) oxytocin (OT)-IR neurones. (C) Correlation between the time rats spent engaged in social play and Fos induction within OT-IR neurones. (D) Total SO Fos induction in AVP and OT tissue series. (E) Percentage of total Fos induction that occurred within SO AVP-IR and SO OT-IR neurones within each series (left) and estimated between series (right). (F) Representative photomicrographs illustrate Fos induction (red), AVP-IR or OT-IR neurones (green) and the nuclear counterstain 4′,6-diamidino-2-phenylindole (DAPI) (blue
| DISCUSSION
In the present study, we examined the recruitment of vasopressinergic and oxytocinergic brain regions, and observed region-and sexspecific patterns of Fos induction in response to social play exposure in juvenile rats. In contrast to our hypothesis, exposure to social play or MEApd, these 2 regions showed increased Fos induction in the social play compared to the no-play control condition, and this effect was most pronounced in females. Despite sex differences in neural recruitment patterns, males and females displayed similar levels of social play behaviour, which was consistent with prior reports. 18, 19, 32 In sum, the sex-specific recruitment of the SO (irrespective of play condition) and pBST and MEApd (specific to the social play condition) strongly suggests that the functional neural systems that support the expression of social play behaviour are different in males and females.
| Sex differences in baseline activation of the SO
Irrespective of play condition, juvenile male rats exhibited two-fold greater recruitment of SO-AVP and SO-OT neurones compared to females. This sex difference in recruitment could be reflective of sex Males Females differences in the number of AVP or OT neurones in the SO (which was not assessed in the present study). Indeed, the area of the SO expressing AVP neurones has been reported to be larger in juvenile and adult male compared to female rats. 37, 38 However, this difference in area appears to be a result of differences in neuronal size as opposed to neuronal number. 37 Moreover, there is no sex difference in SO-OT expression in juvenile or adults rats. 39, 40 Therefore, our results likely suggest a baseline difference in the activation of vasopressinergic and oxytocinergic neurones in the SO, and the potential for higher basal AVP and OT signalling in juvenile male compared to female rats.
In both sexes and across play conditions, activation of AVP and
OT neurones represented nearly all of the observed SO Fos induction, consistent with the composition of the SO. 36, 41 We estimated that <10% of the total Fos induction was outside of AVP-IR and OT-IR neurones; this non-AVP and non-OT Fos induction is more likely to represent activation of excitatory neuronal or astrocytic populations, 41 rather than inhibitory neuronal populations. 42, 43 This additional Fos induction could also be the result of sampling error (eg, because of the nature of 2D imaging, the counts for AVP and OT being completed in separate series of tissue, or weakly labelled AVP/ OT neurones that were not classified as AVP-or OT-positive).
Exposure to social play did not increase Fos induction within any of the AVP or OT populations investigated in the present study.
When considered in isolation, a possible interpretation of our data is that these neuropeptides are unimportant for the expression of social play behaviour. However, previous studies in juvenile rats have shown this is not the case. [18] [19] [20] Instead of direct real-time control of social play behaviour, it could be that a specific baseline level of AVP and OT signalling is required for normal expression of social play behaviour, and that alternations to these baseline levels via pharmacological manipulations 18, 19 or a congenital absence of AVP signalling 20 results in alternations in social play. If this were the case, then the robust sex difference in baseline activation of SO-AVP and SO-OT neurones could represent a new example of the dual-function hypothesis, 44 suggesting that these sex differences in the brain exist to prevent sex differences in levels of social play behaviour. This interpretation is consistent with earlier data in juvenile rats showing the emergence of sex differences in social play behaviour when AVP signalling is disrupted 18, 19 and OT signalling is increased. 19 Although we did not observe differences in the recruitment of AVP-and OT-synthesising neurones in subjects exposed to social play compared to no-play controls in the present study, not all sources of AVP and OT were investigated. For example, AVP-and OT-synthesising neurones are found in scattered islands of accessory magnocellular groups 26 and few studies have explored the function of these neurones. 45 There might also be species differences in the activation of these neuronal populations in response to social play because a social play-induced increase in SO-AVP Fos induction was observed in juvenile male golden hamsters. 21 Lastly, immediate early gene induction mapping comes with limitations and in the present study only 1 marker (Fos) was used to assess neuronal recruitment. 30, 31 Thus, mapping the induction of other immediate early genes or performing electrophysiological recordings could reveal social play-specific recruitment of AVP or OT neuronal populations. 
| A potential role for SO-OT neurones in social
| Social play recruits the pBST and MEApd in sex-specific ways
We observed increased Fos induction in the social play compared to the no-play control condition in the pBST and MEApd. Importantly, the effect sizes of these comparisons were larger in females compared to males, especially in the MEApd. Thus, the pBST and MEApd are potentially important regions in regards to the sex-specific regulation of social play, and may serve as additional examples of the dual-function hypothesis. 44 Accordingly, greater play-specific recruitment of the pBST and MEApd in females compared to males may be important for preventing sex differences in the levels of social play behaviour. Our results for the pBST are in agreement with increased BST Fos induction (in a region rostral to that analysed in the current study) in juvenile male rats 51 It is important to note that extrahypothalamic sources of AVP likely contribute to the sex-specific regulation of social play behaviour. Specifically, pBST-AVP mRNA expression negatively correlated with social play expression in juvenile male but not female rats. 17 This appears to be in line with the observation that social play behaviour increased in juvenile male but not female rats upon V1aR antagonist administration in the LS, 18 ,19 a brain region that receives AVP fibre projections from the pBST. 55 Our finding of sex differences in the recruitment of the pBST and MEApd during social play provides a means by which differential activation of extrahypothalamic-AVP to LS pathways 55, 56 could support the sex-specific regulation of social play. Obtaining direct evidence for this hypothesised functional pathway is an important avenue for future research.
| Weak recruitment of the PVH across conditions
There was negligible Fos induction of AVP and OT neurones in the PVH across sexes and experimental conditions, suggesting that, despite prior evidence indicating that PVH-AVP expression positivity correlates with social play in juvenile male rats, 17 there is little activation of these populations during social play. Furthermore, although Fos induction was reported in AVP-IR neurones following social play exposure in juvenile male golden hamsters, the level of Fos induction did not differ from the control condition. 21 We observed some Fos induction in cells not labelled for either AVP or OT; this weak PVH recruitment was similar between the sexes and there was no effect of social play exposure of total Fos induction, consistent with prior reports in juvenile male rats. 52 The PVH is a highly heterogeneous brain region, containing multiple distinct populations, 57 and determining the phenotypes of PVH cells recruited during this behavioural paradigm should be investigated in future research.
| CON CLUS IONS
In the present study, we identified neural substrates whose Fos induction patterns were associated with the expression of social play behaviour by juvenile rats that were exposed in their home cage to a novel conspecific: the pBST, the MEApd, and possibly SO-OT neurones. Furthermore, we observed sex differences in Fos induction patterns for the SO, pBST and MEApd. Because males and females show similar levels of social play behaviour, the findings of the present study may indicate that these sex differences in the brain act to prevent sex differences in the expression of social play. Specifically, we propose that the robust sex difference in the activation of the SO represents a sex difference in the baseline levels of AVP and OT signalling required for typical functioning, and that females require greater increases from baseline pBST and MEApd activation to show levels of social play behaviour similar to that of males.
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